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Since man first came into the Great Plains Region of the 
United States, he has been plagued by tornadoes. The tornado 
problem has been discussed a great deal by scientists for 
many years, but, until recently, no one has made significant 
progress in the study of tornadoes. About eight years ago, 
a research project was started at Oklahoma Agricultural and 
Mechanical College under the direction of Dr. H. L. Jones to 
study the tornado problem. This pioneer research had as its 
objectives, first, to develop a means f or identifying a 
tornado in the formative stage so that endangered persons 
might be warned, and, second, to develop a means of prevent-
ing the formation of tornadoes. Great strides have been made 
toward accomplishment of the first objective ahd there is at 
present no reason to believe that the second objective will 
not be successfully attained. 
This thesis describes research directed toward the ac-
comp lishment of the first objective of the overall program. 
Early in the program, a sferic method of tornado tracking and 
identification was developed by Dr. Jones and his associates. 
However, the early work was handicapped by the lack of a suit-
able sferic direction finder. The instrument which was avail-
able, designated as the AN/GRD-lA, had been developed at the 
University of Florida to study sferics associated with hurri-
iii 
canes. For that work it was well suited, but its use in 
tornado tracking was limited. 
The purpose of the research described in this thesis is 
threefold; namely, to analyze the AN/GRD-lA as it applies to 
the detection of tornado-type sferics, to design a High Fre-
quency Direction Finder more suitable for the detection of 
tornado-type sferics, and to analyze the data obtained with 
the High Frequency Direction Finder as applied to two specific 
examples of severe weather activity. 
This work was carried out under the able direction of 
\or. H. L. Jones who is the man most responsible for the sue-
I 
:cess of the tornado research project. Mr. Ruben Kelly, a 
I 
project engineer and graduate student of Oklahoma A & M 
College., did an excellent job of building the High Frequency 
Direction Finder. He also modified the original design as 
the work progressed in order to improve its operational char-
acteristics and has assisted in collecting much of the data 
presented here. Without the guidance of Dr. Jones and the 
assistance of Mr. Kelly, this thesis would not have been 
possible. 
A word of thanks is due to Mr. Joe Pat Lindsey for per-
mitting the use of some introductory material from his thesis 
on frequency analysis of the sferic waveform. The author also 
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If you have ever lived in the Great Plains Area of the 
United States1 you can perhaps remember those hot, sultry, 
cloudy days in late spring when the very stillness of the 
air is depressing. This is what old timers on the plains 
call "cyclone weather''. In late afternoon or early evening 
of many such days as this, residents of some communit y in 
this vast region have been terrified by a great roar not un-
like the sound of many on-rushing freight trains. Those who 
are familiar with the sound immediately go to the storm cel-
lar or any other place of shelter which may be found. Un-
fortunately in many cases there is not time to reach shelter 
or no shelter is available. Within a few minutes the terrible 
roar has passed leaving a path of death and destruction in any 
community which may have been unlucky enough to be in its path. 
This is what happens when a tornado strikeso The tornado, im-
properly called by many a cyclone, is one of nature~s. most 
violent phenomena and leaves a path of destruct ion as much as 
a mile in width and often many miles long. Tornadoes have 
occurred which ha d a path of more than a hundred miles. 
The author lived, as a child, in a small community in 
East ern Oklahoma which was almost completely destroyed by a 
1 
tornado. That was the famous Peggs, Oklahoma tornado of 
May 2, 19201 • Seventy-one people were killed and property 
losses amounted to $175,ooo.oo. The Peggs tornado was the 
2 
fourth most destructive tornado, in terms of loss of life, in 
the history of the state. 
In recent years much research has been done on the mete-
orological conditions which must exist for a tornado to oc-
cur. Among the leaders in t h is field are Colonel E. J. 
Fawbush and Major R. C. Miller of the Air Force Weather 
2 
Service at Tinker Air Force Base, Oklahoma. Great progress 
has been made along this line and it is now possible, from 
a study of weather conditions to determine that conditions 
are favorable over a large area for buildup of a tornado and 
that the occurrence of a tornado is probable. Tornadoes 
usually occur when cold dry air with a steep lapse rate from 
the west or northwest is overrun by warm moist air from the 
south or southwest. The topograp hy of the broad plains re-
gion east of the Rocky Mountains is more favorable for these 
conditions than any other place in the world. 
The formation of tornadoes is so rapid that a method of 
forcasting is desirable which is much more rapid than the 
1snowden D. Flora, Tornadoes of the United States, 
(University of Oklahoma Press, Norman:-I953) p. 137 
2Major E. J. Fawbush, Captain R. C. Miller, and 
Captain L. C. Starrett, "An Empirical Method of Forecasting 
Tornado Development". Bulletin of the American Meteorolog-
ical Society, January, 1951, pp. 1-9 
3 
application of conventional weather observati ons. A research 
group at Oklahoma A & M College under the direction of Dr. 
Herbert L. Jones has been working on this problem for the past 
few ye~rs and has produced excellent results 3• A method has 
been devised which is both rapid and accurate for detecting 
the location of a tornado. 
The method devised by Dr. Jones is to observe the elec-
tromagnetic radiation from the lightning flashes which take 
place both while the tornado is building up a nd while it is 
active. It has been found that the number of lightning 
strokes per second increases slowly as the tornado is formed, 
reaching a_ maximum just prior to the time when the tornado be-
comes active, decreases slightly durin g the active life of the 
tornado and decreases rapidly as the fury of the tornado is 
spent. Observation of the lightning strokes for this method 
is accomplished by an instrument called a sferic direction 
finder which visually displays the direction of the event on 
an oscilloscope. By counting the strokes from a given direc-
tion, any bui ldup of tornadic conditions can be noted. Since 
tornadoes are always associated with squall line s, a danger-
ous situation can be identified at a point where an azimuth 
of high sferics count crosses a squall line. A radar set is 
used to locate the position of squall lines. This method has 
311 Research on Tornado Identification", Sixth Quarterly 
Progress ReEort, Signal Corps Research Proj ect No . 172B-O 
1953, pp. l -19 
4 
been successfully used to identify and track a number of act-
ive 'tornadoes as well as many thunderstorms which did not 
reach the tornado stage. Tables I and II are ex&~ples of 
high sferics count associated with tornadoes4 • During the 
Pawnee tornado the sferics count reached 28 per second and 
during the Meeker tornado the maximum count was 27 strokes 
per secondo 
An interesting aspect of the study of sferics is the 
variations in frequency within the sferic waveform from 
different types of stormso Low power storms such as thunder-
storms usually produce sferics with a peak frequency in the 
neighborhood of 10,000 cycles per second. The sferics rate 
from such a storm rarely exceeds 15 per secondo On the 
other hand, sferics from tornadoes have been recorded which 
had a peak frequency well in excess of 100,000 cycles per 
second. Thus, not only does the sferics rate go up as tor~ 
nadic conditions are approached but also the frequency with-
in the waveform itself increaseso These effects are graph-
ically shown in Figures 1, 2 and 350 (These figures are 
taken directly from the thesis of Joe Pat Lindsey) o Figure 
shows a typical low frequency waveform and its frequency 
4"Research on Tornado Identification 11 , Tenth Quarterly 
Progress Report, Signal Corps Research, Project No. 172B-O, 
1954, p O 27 
5Joe Pat Lindsey, "An Analysis of the 8feric Waveform", 







Pre-Tornado Counts Tornado 
5: 10 5:15 5~20 5:25 5:30 5:35 .s g40 
.E.!E!.!. l?..!E1!. ~ ~ ~ ~ J2 o.trlo 
14-::- 19 20 21 24 21 27 
12 19 14 22 19 26 24 
21 13 16 16 18 20 23 
16 16 17 21 23 26 30 
12 20 23 15 22 24 25 
19 14 19 20 18 17 30 
18 18 25 16 20 20 26 
21 _sl__ 22 12 _sl__ _g]__ 24 --, 
Ave,. 17 18 19 18 21 23 26 
Tornado and Post-Tornado Counts 
5:45 5~50 5:55 6:00 6:05 6:10 6 :15 
~ ~ ~ ~ ~ ~ pomo 
26 22 26 21 19 16 15 
32 24 24 25 20 14 12 
29 26 24 21 21 14 12 
21 27 22 18 20 11 9 
27 26 22 19 16 18 15 
24 38 21 17 17 14 11 
28 26 24 22 23 13 15 
_£2._ __:u_ _sl__ 21 _12_ _12._ 16 
Ave. 27 28 23 21 19 14 13 
* Each one of these readings covers the stroke count over a 





Pre-Tornado Counts Tornado 
6:15 6:20 6:25 6:30 
~ pomo ~ pomo 
16* 21 24 29 
19 17 24 24 
1.5 22 36 27 
2.5 18 20 28 
19 2.5 20 27 
ti 20 2.5 2.5 19 22 30 
_n_ _£1._ _Ja_ ~ 
Ave. 18 20 24 27 
Tornado and Post-Tornado Counts 
6:35 6:40 6 :4.5 6g47 6:.50 6:.55 
~ l?...!l!'!!. 12..!.!!h. l?..!..!!!!. .E..!.!!'!!. l?..!..!!!!. 
27 31 23 18 16 23 
24 30 26 24 23 18 
23 2.5 26 20 19 9 
25 27 27 27 19 16 
27 27 23 21 24 26 
29 22 2.5 23 24 19 
28 27 27 20 22 12 
.A.. _n_ ~ _!.§_ _!.2_ 
Ave. 26 27 25 21 21 18 
* Each one·· of these readings covers the stroke count over 
a one second interval. 
4}* Quoted f!rom ·th.~ Daily Oklahoma. 
20~ /'\ 
f \ 
WAVEFORM i 10U \ 
~ -Ii 
=ol\~~--;;~----:-::--~c:--=-~~ 
~ I 50 0 200 MICROSECONDS 250 ·to 
.,.20 
f!GURE ., WAvDt>RIIAND 














10 20 30 40 50 f:lJ 70 
FREQUENCY - KIWCICLES 










































I I I I I I ' So 100 120 140 160 180 200 





UENCY TYPE 0'--~--'-~~--'-~~-'--~-1.~~..i-~__JL--~---'-~~-'-~___,1~~-L~ 
o 20 40 60 So 100 120 140 160 180 200 
















FIGURE 3 o WAVEFORM AND FREQUENCY 
SPECTRUM, MEDIUM-FREQUENCY TYPE 
. I I I 
80 100 120 






=---· E e,.. . a~o 
it: 
20 









0 o'. 20 40 60 so 100 · ' 120 140 :t.60 
FREQUENCY ... KIIDCYCLES '° 
10 
spectrum which is peaked at 12 9 000 cycles per secondo This 
type sfe ric is usually as soc ia ted with simple thunderstorms o 
Figure 2 shows a typical tornado type high frequency sferic 
1.1v:tth its spectr•um peaked at l~-.5' 9 000 cycles per secondo Figure 
3 shows a medium frequency waveform and spectrum peaked at 
about 40 9 000 cycles per second,, :Phis sferic may be from 
either a thunderstorm or a tornado 9 or f1~om the storm when the 
tornado is in the formative stage" 
An instrument for observation of sfer.icsD designated as 
the AN/GRD·-lA static direction finder 9 was developed at the 
University of' Florida. and has been used effectively in the 
study of low frequency sferlcs originating from electr:i.cal 
dlstm"bances associated with hu.rricanes6 o However•Sl when 
the lnstr•urnent was used in tornado research at Oklahoma 
A & M College a number of limitations became apparento F'irstJ 
the frequeney r'esponse ls much too 1ow to 1~ecord faithfully 
the high frequency sferics whic,h a.re associated with tor-
nadoesa In addition 9 the equipment produces some effaoLa 
which al"'e not entirely due to the limited frEJquency response., 
Figures L~ 9 5, and 6 a:r·e reproductions from moving film str·ips 
on which are recorded the output of two direction finders?, 
_ 6,rstatic D:lrsetion Find. er AN/GRD-1A" W~ D~1m~tll 
're~~ }fan-q,~1, ,'I1M,~ll.:?6ct3 i> September 9 197+5 
71'Research on Tornado Identification11 D Eleventh 
.9:::i:art~..;;.1~ ~e!l~ R~I?2.,r.,.~ 9 S:Lgna1 Corps Resea~oject 
Nao 172B-Oj) 195'4.,9 PPo lb~,18 
11 
Figure 4. DF records for 1433 CST, Oct.11, 1954. 
Figure 5. DF rscords for 1435 CST, Oct. 11, 1954. 
12 
Figure 6. DF records for 1922 CST, Oct. 11, 1954 
At the top in each Figure is recorded thi output of the 
AN/GRD-lA direction finder at different instants of time. 
13 
The recordings at the bottom of the film strips will be dis-
cussed later. Ideally these recordings would be a series of 
straight lines pointing in the direction fr om which the dis-
turbance came. Instead of a straight line each sferic direc-
tion is indicated by a series of ellipses which makes it 
difficult to determine the direction fr om which the disturb-
ance came and makes it even more difficult to count the rate 
at which the sferics occur. The record shown in Figure 6 
is particularly bad in this respect. The conclusion should 
not be made that the AN/GRD-lA is not usable for determining 
the direction and rate of sferics for indeed it has been 
used successfully both in tracking thunderstorms with low 
frequency sferics and in some cases in tracking tornadoes 
with high frequency sferics. The records shown here are 
from extreme conditions and are shown to point out the limit-
ations of the equipment and to show the need for an improved 
sferic direction finder. 
This study has three main objectives as follows: 
1. To analyze the AN/GRD-lA system to determine its 
suitability for the study of tornado-type sferics 
and to determine the cause of the ellipse patterns 
shown in Figures 4, 5, and 6. 
2. To design a sferic direction finder to operate in 
the frequency ran ge of 100 kilocycles per second 
to 300 kilocycles per second. 
3. To study the relationship of high frequency 
sferics, as recorded with the HFDF (high 
frequency direction finder), to severe weather 
activity. 
CHAPTER II 
ANALYSIS OF THE AN/GRD-lA SYSTEM 
· Genera.·l · ·Description of the System 
The AN/GRD-lA system consi~ts of a set of crossed loop 
antennas, a dual amplification system, a cathode ray tube 
indicator and photographic recording equipment. The system 
is described in detail in War Department Technical Manual 
TM 11~2693, but a brief description will be given here for 
completeness. 
Figure 7 is a schematic diagram of the AN/GRD-lA 
system. The antenna loops are fixed on true compass points 
and connected through their respective amplifiers to the 
vertical and horizontal plates of an oscilloscope. When a 
lightning discharge occurs an electromagnetic wave is prop" 
agated in all directions from the location of the discharge 
just as a radio wave is propagated from a transmitting an-
tenna. This wave is detected by the crossed loop antennas 
and relayed to the oscilloscope where it is registered as 
a "flash". The voltage induced in each loop of the antenna 
is a function of the intensity of the incoming electro-
magnetic wave and the cosine of the angle the wave makes 
15 
. J I 
Inco~inr 1. J 
North - South 
Amplifier ·N 
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Figure 7. AN/GRD-lA System Block Diagram 
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I-' 
°' 
with the plane of the looplo Stated mathematically, 
v1(t) = E(t) cos 91, 
and 
v2(t) = E(t) cos 9z, 
17 
where E(t) is the intensity, v1(t) and v2(t) are the voltages 
. generated in loops 1 and 2 respectively, and el and 92 are 
the respective angles of the incoming wavefront with the 
planes of the loopso The effect of voltages v1(t) and v 2 (t) 
on the two sets of oscilloscope def lee tion plates will thus 
product a flash in the direction of travel of the wavefronto 
In the example shown in Figure 7 the flash will thus extend 
across the scope face from no'rthwest to southeast as showno 
A special vertical whip antenna is used to remove the 180° 
ambiguity which would otherwise resulto This is accom-
plished by amplifying the voltage induced in the sensing 
antenna and applying it ·to the control grid of the oscil-: 
loscope tubeo A wavefront arriving from a given direction 
produces a voltage in the sensing antenna of one polarity;. 
a voltage from the opposite direction induces a voltage 
of the opposite polarity .. If the intensity of the cathode 
ray tube is adjusted so that is is very faint at zero 
signal from the sensing amplifier, the positive peaks of 
voltage will intensify the trace and the negative peaks 
" 
1sergei Ao Schelkunoff, Harald To Friis, Antennas . 
Theory and :Practice, ( John Wiley and Sons, New York, 1952) , 
pp" 503-508 o 
will 11 blank" the trace. The oscilloscope trace will thus 
be intensified in the direction from which the wavefront 
came, as shown in Figure 7 and the 180° ambiguity is re-
moved. 
A block diagram of one of the AN/GRD-lA amplifiers 
18 
is shown in F,igure 8. The North-South and East-West 
amplifiers are identical. Each amplifier consists of a 
cathode-follower input stage, an amplifier stage, a tuned-
amplifier stage and an output stage to couple to the plates 
of the indicator oscilloscope tube. There are a number 
of appropriate gain and frequency control elements in the 
amplifier which are important from an operational view-
point. However, the purpose of this study is to make a 
technical analysis of the amplifier and such operational 
controls will not be discussed except as they apply to the 
technical problems under consideration. 
Analysis of the Filter Section 
One of the characteristics most important in determin-
ing the performance of an amplifier, or transmission net-
work, is the transient response of the system. A second 
important characteristic of an amplifier is the dynamic 
range of the system. The dynamic range is the variation 
in signal level that can be faithfully transmitted through 
the system witho.ut excessive n o i se or distortion . The 
lower limit of the useful dynamic range of a system is the 
F rom Loop Cathode Tuned 
A~ 
Amplifier ,, , -
A ntenna Follower Amplifier 










inherent noise of the first stage or element, and the upper 
end of the range is at the signal level where harmonic dis-
tortion of the signal occurs. Both transient response and 
dynamic range are important considerations in the analysis 
of the AN/GRD-lA direction finder. An inspection of the 
amplifier circuit diagram shows that the two sections which 
limit the transient response and dynamic range are the 
filter section and the output stage. The cathode-follower 
input stage and the video amplifier are broad-band amplifi-
ers and the tubes used are powerful enough to produce good 
dynamic range. Consequently, the emphasis here will be 
placed on the filter; or tuned-amplifier, section and the 
output stage. 
The transient response of an electrical network may 
best be determined by use of the Laplace transformation. 
The Laplace transformation of a function f(t) is defined 
2 
as 
F(p) = [r(t) e-pt dt =Lf(t)o 
By means of the Laplace transformation, differential and 
integro differential equations int may be transformed into 
algebraic equations in p, where pis a complex variable, 
that is, 
2stanford Goldman, Transformation Calculus and 
Electrical Transients, (Prentice-Hall, Inc., New York, 
1949), PP• 58-620 
21 
Two special transforms are of importance in network 
theory. They are 
["" ~t[r(t)J e-pt dt = p F(p) - f(O+) 
~ 
and f.~ [ J.ht) dj .-pt dt • Fl) + rlp(O+). ' 
where f(O+) is the value of f(t) as t approaches zero from 
a positive direction, and r-1co+) is the value of the in-
definite integral jr(t)d t as t approaches zero from the 
positive direction. If the system under study is at rest 
at t = O, as will be the case in this study, f(O+) and 
r-1co+) will be zero and 
L [:!(t) ] =P F(p) 
and 
L [ [ i: f(t) dt] = F_;P) _ • 
The schematic circuit diagram of the tuned-amplifier 
circuit of the AN/GRD-lA is shown in Figure 9o In Figure 
10 is shown the exact equivalent circuit for Figure 9 and 
also the approximate equivalent circuit which is adequate 
for this analysis. In the approximate equivalent circuit 
each element has been replaced by the Laplace transform 
which will appear in the equation of response of the net-
work3. 
3 G. E. Valley, Jr., Henry Wallman, Vacuum Tube 
Amplifiers44 (McGraw-Hill Book Company, Inc., New York, 1948), p. • 
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The equations expressing the response of the equiva-
lent circuit by nodal analysis are as follows: 
ein ~ ~ e 0 (1.25 x 10-6 + ~ + ~ p + 1.2 x 10-6), 
P 10 
or e0 -- "" 9 in ~,r-
• 
F(p) is thus the Laplace transform of the transfer 
function of the tuned amplifier shown in Figure 9o The 
amplitude and phase response of the transfer function may 
be obtained by considering F(p) as a function of the 
imaginary part 
1012 
F(j~) = 325 
or 
of p4o The frequency response is 
X jW 
[ (3 0 07 X 109 -W2) - j 7 .5 X 103W] 
• 
The above equation may be written F( jw) = !(w) eje(w), 
where A(W) is commonly called the amplitude response of 
the network and 8(W) is the phase response. Numerical 
values are given by 
and 
Wo ==Y3070 x 103 = 55.3 x 103 radians/sec. 
55.3 3 3 
f 0 "' 2Tl' x 10 = 8.81 x 10 cycles/sec • ., 
4H. W. Bode, Network Analysis a.Q£_Feedback 
Amplifier Design, (D. Van Nostrand Company., Inc., New 
York, 1945), pp. 22-30. 
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where f 0 is the resonant frequency of the tuned amplifier . 
The amplitude response of the tuned amplifier as a 
function of frequency is shown in Figure 11 and the phase 
r ,esponse is shown in Figure 12. The data from which 
Figures 11 and 12 are plotted are : show1Lin Ta ble I I I. Ex-
amination of Figures 11 and 12 shows no anomalous condi-
tions such as spurious peaks in the amplitude response or 
sudden reversals in the phase response. 
The response of the tuned amplifier to an arbitrary 
input may be determined by considering the complex poles 
and zeros of the transfer function. Examination of the 
equation for F(p) shows that it has no zero except at 
p • O. The poles of F(p) are the values of the complex 
variable p where the denominator of the equation of F(p) 
is equal to zero. To calculate these values , let 
p2 + 7 .5 X 103 p + 3.07 X 109 • 0 , 
whence i 
or 
The transfer function thus has one pair of conjugate 
poles at -3. 75 x 103 + j 5 .5 x 104 and -3. 75 x 103 - j 5.5 x 104. 
The poles of F(p) are shown plotted in Figure 13. 
The response of a network to a unit impulse is very 
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Figure 13. Location of Poles-Tuned Amplifier 
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time of the network and other useful information can be 
gained~ A unit impulse is a function whose value is zero 
except in an arbitrarily small interval around t :::: 0 9 where 
it becomes infinite in such a way that 
["s Ct) ctt = 1. 
It is shown by Goldman5 that L fo( tj = 1. 
Therefore, 
L [ f(t) S (t)] = F(p). 
The response of the network to a unit impulse is thus the 
inverse transform of the transfer function of the network 9 
that is, 
f(t) = 1-l [ F(p)] 
where f(t) is the response of the network to a unit impulseo 
It is also shown by Goldman that 
f ( t) = _l _ tt. F ( p) ept dp 
2 rrj :Y' 
and can be evaluated from the sum of the residues of the 
function F(p) ept at the poles. Thus 9 
] p "-3.75xl03 - j5.5 X 10~ 
Numerical solution of the above equation gives 9 
sin (55.4 x 103t + e) 
5aoldman, p. 102 
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where, -1 9 .. tan 140 750 
The response of the tuned amplifier to a unit impulse 
is shown in Figure 14. Although the circuit rings when 
a waveform strikes, the total recovery time is relatively 
short , being less than one millisecond. It should, there-
fore, be possible to count lightning strokes accurately 
were it not for the elliptical patterns observed on the 
oscilloscope during severe storms. 
It may be concluded that there is nothing inherent 
in the tuned amplifier which would cause the observed ' 
elliptical patterns. 
Analysis of the Output Section 
The output stage of the AN/GRD-lA is a 6J5 amplifier 
tube which is transformer coupled to the plates of the ' 
cathode ray tube. The circuit is shown schematically ~n 
Figure 15. There are not enou.gh data given in the A'N/ GRD-
lA manual to analyze the output circuit, so measurements 
have been made from which the performance of the circui t ,. 
can be calculated. Figure 16 shows the equivalent 
circuit of the output stage. The followin g relations 
refer to the equivalent circuit: 
' 
and z3 = j WM 0 
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Figure 15. Output Circuit 
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These parameters may be obtained from measurements as 
follows: 
and 
Z1 "" Zol 1 Zo2 (Zol - Zs1), 
Z2 "' zo2 -1 Zo2 (Zol - zsl)' 
Z3 = -Yzo2 (Zol - Zsl) "" j w~, 
I. 
where Z0 1 is the measured impedance of the transformer 
from the primary Side with the secondary open, z02 is the 
measured impedance of the tran~former from the secondary 
side with the primary open, and Zsl is the measured 
impedance of the transformer from the primary side with 
34 
the secondary shortedo The measured parameters of the out-
put transformer are as follows: 
DoCo resistance of primary: 1087 ohms 
D.,C .. resistance of secondary: 10,350 ohms 
Inductance of primary with secondary open: 11075 henrie~ 
Inductance of secondary with primary open: 79 henries 
Inductance of primary with secondary shorted~ 225 
millihenrieso 
From the above measurements the amplitude response 
of the equivalent circuit of the output stage was calculat~ 
ed by means of the Laplace transform by evaluating the 
equation of the transfer function along the jw-axis of 
35 
the complex variable, p. The calculations are quite similar 
to those made in the analysis of the filter section and 
hence will not be shown in detail here. 
The calculated amplitude response of the output 
section is shown in Figure 17. Inspection of the amplitude 
response may offer some clue to the cause of the ellipses 
as shown in Figures 4, 5, and 6. The output circuit peaks 
at about 8000 cycles per second and falls off rather rapid-
ly at higher frequencies. This means that the frequency 
components of a sferic which are in the neighborhood of 
10,000 cycles or above are highly attenuated in the out-
put stage even though they may pass through the tuned 
amplifier without undue attenuation. This effectively 
reduces the dynamic ran ge of the amplifier and may result 
in overloading of the circuits when the sferic frequencies 
are high. 
As the amplitude response of the outp ut stag e falls 
off rapidly above 10,000 cycles per second, the relative 
phase shift of the output voltage with respect to the in-
put voltage is also changing rapidly. This means that the 
phase adjustment is critical even at the peak frequency 
of the filter section. This may add to the ellipse problem 
since the phase response of the East-West and North- South 
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Figure 17. Amplitude Response-Output Circuit 
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direction of arrival of sferics. Since the phase shift 
of the amplifiers is varying rapidly at higher frequencies, 
there is a greater chance for the phases of·the two amplifi ... 
ers to be different. 
It is concluded that the two most probable causes of 
elliptical patterns of the AN/GRD-lA are (1) overloading 
and (2) phase shift errors in the output circuit. 
CHAPTER III. 
DESIGN OF A HIGH FREQUENCY DIRECTION FINDER 
Specifications of the System 
After considering the shortcomings of the bN/GRD-
lA system and after analysis of the sferic waveforms asso-
ciated with tornadoes, it became apparent that a new instru-
ment for accurately tracing tornadoes was needed. 
Consideration of the high frequency nature of some 
observed sferics led to the decision that the new High 
Frequency Dire ct ion Finder should be tuneable over a range 
of 100 kilocycles per second to 300 kilocycles per second. 
This is more than one decade higher than the frequency 
range of the AN/GRD-lA system. S inc e it was desired to 
pass waveforms with a peak frequency of 300 kilocycles 
per second, it was necessary to design the basic amplifier 
circuits to pass frequenci es up to 500 kilocycles per 
second. Thus video amplifiers were required. This de-
sired high frequency response eliminated the possib ility 
of using transformer coupling to the plates of the cathode-
ray tube as was us ed in the AN/GRD-lA. 
The value of observation of a ngular distribution of 
sferics, when only one station is in operati on, is con-
39 
siderably enhanced if the azimuths of peak sferic activity 
are compared simultaneously with the radar display of squall 
lines. With long range sferics equipment, such as the AN/GRD-
lA when operated on a frequency of 10 kilocycles per second, 
it is difficult to establish that the sferics received at 
the station originate from a given echo on the radar screen, 
even though the azimuthal origin of sferics is cornp?rable 
to the azimuth of the echo under observation. It is possi-
ble that the sferics emanate from a storm area at the same 
azimuth as the radar echo, but several hundred miles be-
yond the range of the radar. This is especially true at 
night when the propagation of sferic radiation fields is 
enhanced by reflection from the ionosphere. In such cases 
it is possible, under ideal conditions , to observe sferics 
originating from as far as 3000 mile s. It is therefore 
desirable that the maximum range of the single-station, 
sferic direction finder be comparable, but slightly 
greater than t h e maximum r a ng e of the radar. On e of the 
objectiv es in the des i gn of the Hi gh Freque n cy Direction 
Finder was to elimina te the reception of unwanted long 
rang e sferics. Experience has shown that the rang e of the 
new HFDF should be a b out 250 mile s. 
The individual sections of the High Frequency Direc-
tion Finder were designed by using well established design 
principles such as found in Valley and Wallman1 , and in 
1valley and Wallman, pp. 71-112. 
,, > .. , 
Gre1;3nwood, Holdam and MacRae2 o The detailed design proce-
dure of the indi~idual sections will not be discussed, but 
a brief description of each section will be given belowo 
The chassis layout and construction of the experiment-
al model were carrie.d out at the Tornado Lab-oratory under 
the direction of the Project Engineer, Mr. R. Do Kellyo 
The original desiSn was modified as construction progress-
ed, and a number of important additions were made to the 
original designo 
Overall System Description and Operation 
A modified. block diagram: of the High Frequency Dir•ec-
t ion Finder ... is shown in Figure 18. · Certain features that 
simplify the tuning process were incorporated so that non-
technical personnel can easily tune the unito The antenna 
system (not shown) consists of single-turn crossed.loops. 
A single twenty~two foot mast supports both loops at hhe 
center, the base of each loop being forty feeto Avert-
ical conductor is attached to the mast and is used as the 
sense. arrtenna. The two single-turn loop~ as well· as the 
sense antenn~ a.re conne'.cted into the direction finder as 




I. A.. Greenwood, Jr .. , J. V .. J{oldam., Jr. 9 and 
Duncan MacRae~ Jro, Electronic Instruments, (McGraw-
Hill Book Company, Inco, New York, 1948), PP• 573-6640 
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used for the East-West circuit, the North-South circuit, 
and the Sense Unit. Since the three units are identical, 
the block diagram shows only the stages of one unit in de-
tail. 
The output of the single turn loop is coupled from the 
base of the antenna mast to the amplifier input by means of a 
coaxial cable. The termination for the coaxial cable con-
sists of ten equal resistors connected in series . The in-
put to the amplifier may be selected by the switch S-2 from 
any junction point of the ten resistors. This provides a 
gain control that varies in increments of 1/10 of the total. 
The corresponding switch in the other loop amplifier must 
always be set to the corresponding position . 
The percentage of the loop signal selected by switch 
S-2 is coupled to a cathode-follower stage to isolate the 
loop from the first video amplifier stage. An additional 
amplifier gain control is provided in the first video 
stage giving steps of 1/2, 1/4 and 1/8 increments of the 
overall amplifier gain . 
Each amplifier stage in the radio frequency section 
is separated from the next by a cathode follower. This 
is to minimize the effect of input capacitance in produc-
ing elliptical scope patterns. Thus, the output of the 
video amplifier is coupled to the tuned-amplifier stage 
by a cathode follower. 
The tuned-amplifier stage is adjustable over a range 
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from 100 kilocycles per second to JOO kilocycles per second. 
The main tuning adjustment, condenser c1 , is ganged to cor-
responding stages in the other loop section and the sense 
section to facilitate the adjustment of the operating 
frequency. Only small trimmer adjustments are necessary 
on the other loop section and the sense sect i on. One other 
adjustment is made in the tuned amplifier stage. This is 
provided by the gain-balanc ing adjustment, R1 , in order to 
obtain equal loop voltages that will in turn give equal 
cathode-ray tube presentations. 
The cathode follower immediately succeeding the tuned-
amplifier stage has been constructed to perform the 11 Q11 
balance adjustment. The tuned-amplifier stag e when shocked 
by a lightnin g discharge will oscillate for a fraction of 
a millisecond after the lightning has ceased. This signal 
continually decreases in magnitude according to the "Q" of 
the tuned circuit. If the "Q" of both tuned amplifiers 
for the loops is not identical, an elliptical patt e rn will 
be produced. 
A principle based upon the pendulum analog y to the 
electrical circuit has b e en used to simplify the 11 Q11 
balance adjustment. With the loops disconnected from the 
amplifier sections, an electrical impulse from a tuning-
pulse generator is coupled into both radio-frequency 
amplifier sections simultaneously. This electrical impulse 
shocks both tuned amp lifiers and produces a given cathode-
44 
ray-tube pattern. The nQ.11 adjust resisto:t:', R2 • is ma-
nipulated, as well as the tuning trimmer condenser on the 
tuned amplifier, until a straight line is _produced on the 
screen of the cathode-ray tube. If the rrQ," is out of balarwe,, 
a f am.ily of ellipses will be formed. Each ellipse of the 
family is smaller than the preceeding and has its major 
axis rotated from that of the previous ellipse. This pro-
duces a stationarjl· elliptical pattern r esem.bling an aero-
plane propeller. As the rtQ," adjustment approaches- balance, 
the major axes for the smaller ellipses rotate until, under 
correct adjustment, all are coincident and a straight line 
presentation can be obtained on the scope when the tuning 
balance or trimmer condenser is adjusted. If the tuning 
trimmer is not at the balance point after the 11 Q, 11 has been. 
ad.justed, the pattern obtained is still elliptical, but 
the major axes of all of the family of ellipses coineideo 
Proper adjustment of the tuning trimmer then produces a 
straight line pattern on the cathode-ray tube. 
At this point, the only additional requirement to co.n1 .... 
plete the tuning process is to adjust for gain balance in 
the two amplifier sections by .means of R1 • This is lnd .. i ... 
cated on the cathode-ray tube when the straight line pres~A 
en.tation occurs at 45°. Thus R1 is manipulated until the 
scope pattern occurs at 45° and th~ entire tuning process 
is cornpleteo To place the properly tuned amplifier sec-
tions into operation it is necessary only to throw switch 
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S-1 so that the loops are again in the circuit. It will 
be necessary to set the gain by the 1/10 step adjustment 
of S-2 and 1/2 step adjustment of S-lB to conform with the 
intensity of the storm. Once the tuning process is properly 
completed, the gain adjustments may be made by switches and 
the tuning need not b~ repeated. This is not possible with the 
AN/GRD-lA. The gain of any direction finder should be re-
duced as the storm approaches the receiver in order to 
prevent overdriving of the amplifiers with exce s sive 
signal strength. 
The amplifier section for the vertical deflection plates 
is identical with that for the horizontal deflection plates. 
The defle ction amplifi e r was desi gned to produce a maximum 
deflection of two inches, peak-to-peak~ however, because of ,,, 
the sensing circuit the resultant which is photographed is 
only one inch long. This limitation of picture size does 
not prevent accurate indication of azimuth-w:. A problem , 
arises, however, when larg e amplitude si gnals from intense 
lightning strokes occur, because the f irst inch of the 
picture gives an accurate indication of azimuth while the 
rest of t he presentation does not. This is indicated on 
the film when the line representing a certain stroke ex-
tends out straight initially and then bends as if to indi-
cate another azimuth. This bending is entirely due to 
circuit characteristics under conditions of overdriving 
by excessive signal strength. 
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The deflection amplifier section was designed to be 
free of transformers. All stages use resistance-capacitance 
coupling and are designed to give equal amplification to a 
given signal as the signal frequency varies over a wide 
range. This wide range frequency response is indicated by 
the absence of elliptical scope patterns when the same 
signal is coupled into each deflection amplifier section 
and the signal frequency is varied. These units g ive a 
linear pattern with no indic a tion of ellipticity over a 
frequency range from 100 cycles per second to 500,000 
cycles per second. 
The Wave Shaping and Pulse Amplifyin g Unit utilizes 
the output of the Sense Amplifier section. The function 
of this unit is to switch the electron b e am of the cathode-
ray tube on and off in accordance with the demands of the 
sense antenna. It is imperative that the tuned amplifier 
for the sense unit have the same tunin g and same "Q" as 
the tuned amplifiers for the loop stages. When the loop 
tuning is adjusted, the input to the sense unit is also 
connected to the electrical impulse previously mentioned. 
The scope pattern with proper sensing adjustment will be 
a 45° line extending from the origin, and without "tails''. 
Existence of tails indicates improper tuning or improper 
"Q". The "Q" is adjusted to correspond t ~ the "Q" of the 
\ 
loop sections by feeding the output of one properly ad-
justed loop section and the output of the sense unit into 
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the two deflection amplifiers and adjusting the sense ''Q" 
by the same method as outlined above for balancing the "Q" 
for both loop sections. This adjustment is made on the 
initial installation and need not be repeated for several 
weeks, or for even longer periods. The respective outputs 
for the loop and sense sections are then reconnected as 
shown in Figure 18. The trimmer condenser marked "tuning 
balance" on the sense section is then adjusted until the 
tails vanish. This final adjustment of the tuning process 
provides for complete direction finding with sensing. 
The High Frequency Direction Finder has design fea-
tures that eliminate some of the possible causes for ellip-
ses. Among these features, the following are considered to 
be of major importance: 
1. When two strokes occur at almost the same instant, 
but at different locations, the direction finder 
must recov e r from one indication in a leng th of 
time that is sufficiently short to permit success-
ful indic a tion of the second stroke. This is 
accomplished by the increased frequency of operat-
ion. If a leng th of time corresponding to 50 
cycles of the incoming wave train is required to 
indicate a given stroke, regardless of the operat-
ion frequency of the direction finder, then the 
10 kilocycle per second system will require a 
period of 50/10,000 or 5 milliseconds to indicate 
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the stroke. The 150 kilocycle per second system 
will require a period of only 50/150,000 or .333 
milliseconds to indicate the same stroke 9 Thus the 
high¥.',frequency system is capable of indicating 
strokes at a rate that is approximately 15 times 
as fast as the 10 kilocycle per second system. 
That this property also allows better integration 
on certain multiple strokes has been indicated 
on recorded data. 
2. Transformer coupling in amplifiers has been 
completely eliminated in the new high frequency 
system. 
3 .. Electrical coupling between vertical amplifier 
units and horizontal amplifier has been virtu-
ally eliminated by using separate shielded-
chassis construction. Coupling at switching 
points is eliminated by having separate switches 
for each section. 
The Filter Section 
A simplified schematic diagram of the tuned- amplifier 
section of the High Frequency Direction Finder is shown in 
Figure 19. The circuit is an inductance-loaded pentode 
amplifier with R-C coupling at the input grid. The frequen-
cy response of the amplifier is largely determined by the 
three-millihenry load inductance and the 10 to 365 





















tuning condenser in parallel. An analysis was made of the 
equivalent circuit of the tuned amplifier in the same manner 
as was made for the tuned amplifier of the AN/GRD-lA Direc-
tion Finder. Since the mathematics involved is so similar 
to that shown in detail in connection with the analysis of 
the AN/GRD-lA, it will not be shown here. 
The amplitude-versus-frequency response of the filter 
section is shown in Figure 20 with values of tuning capac-
itance chosen to give a peak frequency of 100 kilocycles 
per second and 300 kilocycles per sec6bd. This represents 
the practical tuning range of the filter. The phase re-
sponse curves are similar to that shown for the AN/GRD-lA 
and, although calculatedj are not shown here. The sharp-
ness of these amplitude curves may be varied by means of 
the "Q" adjustment mentioned previously. 
Since the remainder of the amplifier was designed 
to have a broad frequency response» the amplitude response 
curves shown here are essentially the curves for the over-
all amplifiers. 
Other Amplifier Features 
The remaining sections of the High Frequency Direction 
Finder amplifier consists of cathode followers~ video 
stages, a phase inverter and a push-pull deflection amplifi-
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A schematic diagram of the prototype High Frequency 
Direction Finder is shown in Figure 210 As mentioned be-
fore, it was necessary to modify the original design in 
order to obtain satisfactory operation of the system. The 
modified schematic of the amplifier is shown in Figure 22 0 
These modifications made by Mr. Kelly consisted primarily 
of placing a cathode follower between each stage to improve 
the coupling, a more convenient set of tuning adjustments 
and a more powerful deflection amplifier to adapt to the 
type of cathode-ray tube used. In Figure 23 are shown the 
sense~ wave-shaping circuit and cathode-ray control cir-
cuits designed by Mr. Kelly. 
Initial Results 
In Figures 4, 5, and 6 were shown film strips show-
ing directional pips recorded from the AN/GRD-lA at the 
top and from the High Frequency Direction Finder at the 
bottom. The directional markers from the HFDF are much 
more easily studied than for the AN/GRD-lA since they are 
thinner and show no tendency toward the troublesome ellip-
ses of the AN/GRD-lA. The resolution is therefore much 
better than for the AN/GRD-lA. Even when the sferic 
activity is extreme as in Figure 6 it is still possible to 
magnify the film and count the pips from the High Frequen-
cy Direction Finder. 
Figures 24 to 30 inclusive show results from the Black-
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1/2 STEP GAIN CONTROL 
Positions 1-4 are I, 1/2, 1/4, 1/8 
gain OPERATE settings. 
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gain ·TUNING settings 
Cl4 
50 mmf. Set at 25 mmf in one 
receiver unit; used os 
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tuning in sense unit. 
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CATHODE RAY TUBE S · SENSE WAVE SHAPING CIRCUIT 
FOR THE HIGH FREQUENCY . DIRECTION FINDER Ul Ul 
Figure 24. H. F. Vlave Forms, 
2125 CST, 5-25-55 
Figure 25. Directional Composite 
2129 CST to 2134 CST, 5-25-55 
Figure 26. H.F. Directional Characteristics 
2123 CST, 5-25-55 
56 
57 
Figure 27. Film record of sferics. Hay 25, 1955. High intensity. 
Figure 28. Fiim record of sferics. I.lny 25, 1955. High intensity. 
58 
l Figure 29. Film record of sforics. I.lay 25, 1955. Lon intensity. 
Figure 30. Film record of sferics. r;ay 25·, 1955. Lon intensity. 
59 
well tornado on May 25,·1955., ·4 complete analysis of the 
Blackwell tornado will be given in Chapter IV. In Figure 24 
are shown some of the high frequency wave forms associated 
with tornadoes. In Figure 25 is shown a directional com-· 
posite obtained by keeping the film stationary for five 
minutes and recording the directional pips on top of each 
other.. Figures 26 to 30 inclusive show the directional pips 
obtained during an extremely active part of the tornado .. 
There is some overloading of the oscilloscope tube shown 
in Figures 27 and 28 as indicated by the bending of the 
directional pips near the top. This necessitated a re-
duction in gain of the amplifier .. Subsequent sferic pips 
are shown in Figures 29 and 30 .. 
It was concluded from these tests that the High 
Frequency Direction Finder is satisfactory for use as a 
tornado tracing instrument and meets the design specifi-
cations originally set fortho 
CHAPTER IV 
RESULTS FROM THE TORNADOES OF MAY 25, 1955 
General Description 
On Ma.y 25, 1955, meteorological conditions in Okla~ 
homa were unstable and typical of tornado weathero By 
late afternoon a complex low pressure system was mmring 
eastward across the Texas Panhandle and :1.nto Western Okla-
homao Behind the low pressure system was a large mass of 
Pacific air centered in Arizonao Covering the state of 
Oklahoma at the surface 1cwas a mass of' tropical air., The 
;frontal area between the two masses of air extended f:r.e>m 
the center of the lo.v pressure area southward across West. 
Texas, where widely scattered thunderstorms, some with 
damaging wind and hail were reported during the dayo Shortly 
after 1500 CST, a tornado was reported in the Texas Pan-
handle moving northeasterly into Oklahoma. During the day, 
after numerous thunderstorms had occurred in the western par"!:; 
of Oklahoma, a severe tornado developed from an isolated t;hun.der-
storm complex about 26 nautical miles north-northwest of 
Stillwater at BlOO CS1I.1. The paths of this tornaq.o and a 
second tornado which formed at about 2200 CST are shown in 
60 
61 
1 Figure 31. The tornado moved in a northerly direction 
passing 1 mile east of Tonkawa, Oklahoma at 2115 CST. After 
crossing U.S. Highway 60 east of Tonkawa, the funnel as-
sumed a course a little east of north to a point two and one-
half miles southeast of Blackwell where it curved northwest, 
more or less following the Chikaskia River into the south-
eastern part of Blackwell. As it passed througn_the east-
ern section of Blackwell at about 2130 CST, the funnel 
curved to the north again and continued in that direction 
to a point some three and one-half nautical miles south of 
the Kansas - Oklahoma border. Here the tornado, now of 
somewhat diminished intensity, assumed a northwesterly 
direction, passing into Kansas and dissipating in the 
vicinity of :South Haven, Kansas, at about 2200 CST. The 
average speed of this tornado was 34 knots with little 
apparent deviation from this average during its entire 
course. 
At about the same time as this tornado dissipated, or 
slightly before, another funnel touched the ground about 
5 nautical miles east of the path of the Blackwell funnel 
and nine nautical miles southwest of Arkansas City, Kansas. 
This funnel also moved in a northerly direction passing 
111Research on Tornado Identification", Second 
Quarterly Progress Re~ort, Signal Corps Research, 
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just west of Gouda Springs, Kansas$ a little after 22 00 CST. 
At this point it curved northeast for a few miles then to 
the northwest for several miles and back to the northeast 
again until it reached the Arkansas Rive r southeast of Oxford, 
Kansas. Here it followed the river in a general northerly 
direction for about three miles, passing one-half mile east 
of Oxford at 2220 CST. After leaving the river two miles 
north of Oxford, it curved again to the northeast, passing 
directly over Udall~ Kansas, at 2230 CST. Immediately 
after leaving Udall, it apparently began to dissipate as it 
continued curving to the east. Beyond Udall, there was 
little evidence of total destruction, but rather a wide 
belt of partial destruction extending to the east as far 
as Atlanta, Kansas. There was considerab le discrepancy 
in the tornado times reported b y witnesses along the path 
of this funnel, and there was some evidence that more than 
one funnel touched the ground along its course$ especially 
south of Oxford. However, from the best estimates available~ 
the average speed$ assuming that the main path of destruct-
ion was caused by one funnel continuously on the ground~ 
was about 45 knots. This movement was considerably faster 
than that of the Blackwell tornado. The length of the 
path for the Blackwell storm was 35 nautical miles with 
partial damage extending two to five miles beyond, and the 
length of the path for the Udall storm was 30 nautical 
miles with partial damage extending an additional 10 
64 
nautical miles .. 
Analysis of the Data 
Although this thesis is primarily concerned with results 
obtained by use of the High Frequency Direction Finder, the 
data must be supplemented with results obtained with radar 
in order to present the complete picture of the method used 
for identification and tracking of severe weather activity. 
For that reason data from the radar as well as the High 
Frequency Direction Finder are presented in the following 
analysis. 
Because of the great amount of time required to count 
strokes from the High Frequency Direction Finder film 
record of this stormj it is possible to present only a part 
of these data in this thesis. It can be seen from the 
portion of the film record shown in Figures 27 and 28 that 
activity was very heavy and that an accurate count of 
lightning strokes is difficult. The resolution obtained 
with the film speed usedj about 1-3/4 inches per secondD 
is inadequate for extremely high stroke rates. Neverthe-
less, a count was made which is considered sufficiently 
reliable and accurate for this purpose since trends in "the 
data are what is considered of primary importance. The 
azimuth of each stroke that was long enough to establish 
a direction was determined to the nearest two-degree 
segment of arc. All counts shown in this thesis were made 
by Tornado Laboratory personnel and not by the writer. The 
total number of strokes occurring during several seconds of 
time at intervals of about 15 minutes were obtained. From 
these evaluations the average stroke rate per second per two-
degree azimuth sector was calculated. 
At about 2125 CST, just before the tornado struck Black-
well, the gain and scope intensity of the High Frequency 
Direction Finder were lowered in an attempt to provide a 
better film record. It was found, however, on developing 
the film that the gain and intensity had been cut too much. 
In order to make the graphs appear similar to those of the 
earlier periods, a total count of 5 seconds was used rather 
than an average stroke rate per second as previously describ-
ed. 
Figures 32 to 43 inclusive show the azimuth distri-
bution of sferics count from 2008 CST to 2153 CST. During 
that time the Blackwell tornado was active. Figures 32 to 
37 inclusive are plotted to an ordinate of strokes per five 
seconds. As explained before the gain and intensity of the 
High Frequency Direction Finder were reduced at 2129 CST. 
Unless otherwise specified the stroke rate is the average 
of three second intervals. In some cases the value of 
average stroke rate shown is the average over 10, 15, 20 
or 30 seconds. Where comparisons were available, the 
averages over longer periods of time made no appreciable 
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Azimuth Incidence Distribution of 
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Azimuth Incidence Distribution of 
Sferic Activity Sampled by High 
Frequency Direction Finder, 25 May, 
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Azimuth Incidence- Distribution--of 
Sferic Activity Sampled by High 
Frequency Direction Finder 25 May, 
1955. Beginning with 2143 Hours, 
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A study of the azimuth distribution of sferics shown 
in Figures 32 to 43 inclusive shows a gradual increase in 
the magnitude of the peak of the average curves as the 
azimuth of peak activity increases until the time the tor-
nado struck Blackwell at 2130 CST. From Figure 31 it may 
be seen that the tornado was traveling north during that 
time which would increase the azimuth angle. It may be 
concluded from the increase in sferics count as the peak 
shifted northward that the intensity of the tornado in-
creased as it approached Blackwell. After the tornado 
struck Blackwell there was a gradual decrease in the peak 
value of the sferics count as the tornado continued to 
move northward. This trend continued until the tornado 
was dissipated in southern Kansas. However 1 as the Black-
well tornado was dissipating, a second tornado was forming 
about five miles east. This tornado 1 which eventually 
destroyed Udall, Kansas, followed a course parallel to the 
now dissipating Blackwell tornado. In Figure 43 the azimuth 
distribution of sferics appears to be a double peaked curve 
which probably indicates that both tornadoes were active 
at that time. 
In Figure 44 is shown a time distribution of sferics 
at azimuth 342° from the Tornado Laboratory. This azimuth 
was picked for study because it is the direction of 
Tonkawa. The tornado was reported as having passed within 
























Time Distribution of Sferics 
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there was a gradual buildup in sferic activity as the tornado 
approached with the maximum occurring just prior to the 
actual time of the tornado. Within a few minutes after the 
tornado had passed there was a rather sharp decline in 
sferic activity. 
Figure 4.5 shows the same analysis for an azimuth of 
346° which is the direction of Blackwell. The same trend 
is observed here although not so conclusively because of 
the change in scale due to the reduction in Direction Finder 
gain and intensity. Figures 44 and 4.5 indicate that it 
should be possible to send out warnings to towns and cities 
which are in a direction in which the sferic count is rapid-
ly building up. By means of the radar echoes it would be 
possible to determine the distance to the fast buildup and 
thus to locate accurately the danger zone. 
Figures 46, 47 and 48 show photographs of the radar 
screen at three different times just before and during 
the active life of the tornado. Each range marker is ten 
nautical miles. Figure 46 was taken about thirty minutes 
prior to the formation of the tornado. The large echo 
near the center is the one from which the tornado eventually 
formed. Figure 47 was taken about the time the tornado 
was forming and Figure 48 was taken while the tornado was 
on the ground near Blackwell. The large echo at 40 miles 
from the station is from the cloud which supported the 
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25 MAY 1955 
2053 HRS 
/ 
Figure 47. Correlation of Radar Sferic Records, 2053 CST. 
83 
\ 
25 MAY 1955 
2123 HRS 
Figure 48. Correlation of Radar Sferic Records, 2123 CST. 
84 
plotted in Figures 46, 47 and 48. It may be noted in 
F,igure 48 that the azimuth of maximum sferic count passes 
through a bulge on the side of the radar echo. There is 
evidence to support the belief that this peculiarly ,,shaped 
bulge is indicative of, and actually associated with, the 
2 
tornado o Figures 49 to 60 inclusive show the azimuth 
distribution of sferics for the time from 2158 CST to 
2258 CST. During that time the Udall tornado was active. 
In fact, at 2158 CST, the time of Figure 49, both tornadoes 
were probably active as evidenced by the rather broad 
peak in the sferics distribution plot. From 2158 CST 
until 2253 CST, after the tornado struck Udall , the peak 
of sferics activity was essentially constant. At least 
there seems to b e no definite trend. It was only after 
2253 CST that the sferic activity be g an to die out. 
Since the Udall tornado was traveling almost due 
north and away from the Tornado Laboratory it is difficult 
to obtai n a time distribution of sferi c s which is meaning-
ful. In Figure 61 is shown an att empt to make such a dis-
play. There is a slight peak in sferics activity at about 
the time the tornado struck near Oxford, Kansas, but the 
background count is v ery hi gh due to the fact that the 
tornado was at all times very close to the two degree 
2charles M. Turrentine, "A Radar-Sferic Analysis of 
the Tornadoes of May 25 , 1955", Unpublished Master Thesis, 
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sector in which the count was made. Figure 62 shows a 
similar time distribution of sferics for the azimuth of Udall. 
Results are essentially the same as in Figure 61 and for 
the same reason. There is a slightly pronounced peak at 
the time the tornado struck. The Udall tornado was out 
of radar range and no radar photographs are available for 
study. 
Conclusions 
From the data described here it may be concluded that the 
Blackwell and Udall tornadoes were typical of those that 
develop in the Great Plains region. The Blackwell tornado 
had a maximum sferics count of 24 strokes per second which 
is consistant with previous observations. Although the 
maximum sferics count of the Udall tornado was somewhat 
lower, the trend of the data was much the same as before. 
The change in gain of the Direction Finder could completely 
account for the lower count of the Udall tornado. The radar 
screen photographs of the Blackwell tornado are quite 
spectacular and worthy of further study. The Blackwell 
and Udall tornadoes presented an opportunity for the 
first real test qf the High Frequency Direction Finder and 
it may be concluded the equipment performed quite satis-
factorily. 
The results from these tornadoes indicate that the 
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cation is quite feasible. Differences between the actual 
paths of the tornadoes as determined by physical evidence 
and the paths of the tornadoes as determined by the radar-
sferics method can be neglected in practical applicationso 
( 
CHAPTER V 
RESULTS FROM THE STORM OF MAY 27, 1955 
Meteorological Conditions Associated 
with the Storm of Mayi!27, 1955 
During the late afternoon of May 27, a squall line 
developed along a front of Pacific air which was advancing 
rapidly to the east through Nebraska and Kansas 1 o By 
1830 CST, a closed circulation was evident at the surface 
around the northern tip of the front in east-central 
Nebraska. The front extended from this area southwest-
ward through central Kansas across the eastern edge of the 
Oklahoma Panhandle, the northern tip of the Texas Pan-
handle, and then almost due west across central New Mexico, 
Arizona!> southern California and into a low center near 
latitude 45° N longitude 140° E in the northwest Pacifico 
This front succeeded the front that moved through the 
area two days earlier and which was associated with the 
Blackwell and Udall tornadoes of May 250 On May 27, how-
ever, all of the thunderstorms that were observed on the 
radar were confined to the squall line. During its exist-
luResearch on Tornado Identification"p Second 
Quarterly Progress Re5ort, Signal Corps Research, Project No. 172B, (19 5) p. 120 
102 
103 
ence, the line was apparently coincident with the surface 
position of the advancing front. Two severe thunderstorms 
and a number of medium and light thunderstorms formed along 
the squall line. The severe thunderstorms were easily 
identified by observing the indicator of the High Frequency 
Direction Finder. Three funnels were reported as sighted 
just east of Ponca City but the existence of a real tor-
nado is doubtfulp at least 1 according to the relatively 
slight damage in the area. 
This squall line and the storm centers associated with 
it_ were plotted by using the radar to locate the squall line 
and the High Frequency Direction Finder to determine the 
position of the major storm centers. 
Analysis of the Data 
During the storm of May 27~ 1955 the sferics received 
with the High Frequency Direction Finder were recorded on 
film and later analyzed to obtain the sferics count. From 
2142 CST to 2347 CST 1 these analyses were made for periods 
of five seconds at approximately five-minute intervals. 
The average number of directional pips per second for each 
of the five-second periods was calculated for each two 
degree interval over the azimuth range that encompassed the 
active squall line. The results of these calculations are 
shown in Figures 63 to 89 inclusive. 
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Azimuth Incidence Distribution-of 
Sferic Activity Sampled by High 
Frequency Direction Finder, 27 May, 
19550 Beginning with 2317 Hours, 
Average of 5 Second Interval. 
0 
I I I I t 1/ )I( 1 I I I I I -320 1 1 I --1 I > • I I 
330 !540 350 360 10 20 30 40 50 60 


































Azimuth Inoidenoe Distribution of 
Sferio Activity Sampled by High 
Frequency Direction Finder, 27 May, 
1955. Begihning with 2322 Hours, 
Average of 5 Seoond Interval. 
OI I I I t IV lVl- I I I I 320 - - - - · - - - - - - '... 1 1 I .. I I l I I 3~U 340 350 360 40 50 10 20 30 60 
































320 330 340 350 360 
Azimuth Incidence Distribution of 
Sferic Activity Sampled by High 
Frequency Directi0n Finder, 2? May, 
1955. Beginning with 2328 Hours, 
Average of 5 Second Interval. 
10 20 30 40 


































Azimuth Incidence Distribution of 
Sferio Aoti vi ty Sampled by- High 
Frequency Direction Finder, 27 May, 
1955. Beginning with2333 Hours, 
Average of 5 Second Interval. 
() 
32;0-..l-~~~~_l_~;;--..l,_~~1--~---1----::~____L.-L-L~-_J_~~J__a-l 
330 340 350 360 10 20 30 40 50 60 



































330 340 350 360 
Azimuth Incidence Distribution of 
Sferic Activity Sampled by High 
Frequency Direction Finder 27 May, 
19 550 Beginning with 2338 Hours, 
Average of 5 Second Interval 
10 20 30 40 



































Azimuth Incidence Distribution of 
Sferio Activity Sampled by High 
Frequency Direction Finder, 27 May, 
19550 Beginning witm 2343 Hours, 
Average of 5 Second Intervalo 
0 - I I I I I I -1 1 l L I :\ / I t I I I I I I I '\4 :\, I 
320 330 340 350 360 10 20 
Az"imuth in Eegrees 
Figure Bi 
































530 340 350 360 
Azimuth Incidence Distribution of 
Sferie tctivity Sampled by-High 
Frequency Direction Finder, 27 May, 
1955. Beginning with 2347 Hours, 
Average of 5 Second Intervalo 
10 20 30 40 



































Azimuth InoidenceDistribution of 
Sferic Activity Sampled by·High 
Frequency-Direction Find·er, 27 flay, 
19550 Beginning with-2352 Hours, 
Aver~ge of 5 Second Interval. 
0 I I 1- I 1- I I I V: :\. t L I I I I I I I I I V ::h,, I 
320 330 340 350 360 10 20 
Azimuth in Degrees 
Figure, 88 





































Azimuth Incidence Distribution of 
Sferic Activity Sampled by High 
Frequency Direction Finder$ 2? May, 
19550 Beginning with 235? Hours, 
Average of 5 Second Interval. 
-II 
I I I I I I I/ rv di! /I VI i , I I I 
320 I I', I 
330 340 360 10 350 30 20 40 50 60 
Azimuth in Degrees 
Figure .·B9 
I-' 
• \..N :o 
131 
garded as a time sequence of storm events. The severe 
activity, _as indicated by the peaks, was distributed over 
two major storm centers. In Figures 63 to 76 inclusive, 
there is only one peak in the azimuth plot of sferic inten-
sity indicating only one major storm centero The lesser 
peaks of sferic intensity indicate minor thunderstorms or 
spurious disturbances. However, in Figure 77. ( time 2257 CST) 
the azimuth distribution of sferics ls seen to break up in-
to two peaks, one at 356° and one at 30° indicating two 
storm centers of considerable magnitude. During the re-
mainder of the time until 2357 CST, two storm centers are 
visible most of the time. The highest individual peak of 
average sferic activity occurred at 2233 CST at azimuth 25°0 
This peak reading of 13 strokes per second is still below 
the peak of 20 to 25 observed for most tornadoeso 
In Figure 90 is shown how sferic activity builds up 
at a given location as a severe thunderstorm passes over. 
This graph shows the time distribution of sferics at azimuth 
0 . 
20 from 2140 CST until 2357 CST. There is no particular 
significance to this azimuth except that it is in the 
general region of interest. The graph shows that there 
was a background of about three strokes per second unti.l 
about 2200 CST when the stroke rate suddenly increased to 
about 9 strokes per second and remained at that level for 
twenty minutes and then dropped to the background level 
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is no data available to determine the aotual weather condi-
tions during this twenty-minute interval of time. 
In Figures 91 to 97 inclusive are shown photographs 
of the radar screen at about 20-minute intervals during 
the lives of the storms. The azimuth distributions :of 
sferics counts are shown at the tops of the pages for con-
venience. The position of the squall line may be observed 
on the photographs of the radar screen for successive inter-
vals of time. A line intersecting the azimuth of maximum 
sferic intensity and the squall line indicates the storm 
centero The data shown in Figures 91 to 97 inclusive are 
summarized in Figure 98 which shows a plot of the squall 
line and the individual major storm centers at successive 
intervals of time. The motion of the squall line was 
generally southeast, but curved slightly more southward as 
it crossed north central Oklahoma. However, the motion of 
the two storm centers was almost straight east indicating 
that the storm centers were skidding along the squall line. 
This is a very interesting characteristic of severe storms 
2 which has been previously noted. In one case it was ob-
served that the thunderstorm suddenly reversed the direct= 
ion of movement along the front. There is as yet no satis-
factory theory to account for this component of velocity 
of a thunderstorm which is parallel to the direction of the 
211Research on Tornado Identification", Second 
Suarterly Progress Report, Signal Corps Research; 
Project No. 172 B, {1955), P• . 14. 
27 MAY 1955 
2142 HRS 
Figure 91. Radar-Sferics Composite for 2142 CST, 5-27-55. 
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27 MAY 1955 
2157 HRS 
Figure 92. Radar-Sferics Composite for 2157 CST, 5-27-55. 
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27 MAY 1955 
2217 HRS 
Figure 93. Radar-Sferics Composite for 2217 CST, 5-27-55. 
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27 MAY 1955 
2238 HRS 
/ 
Figure 94. Radar-Sferics Composite for 2238 CST, 5-27-55. 
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Figure 95. Radar-Sfer i cs Composite for 2257 CST, 5-27-55. 
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27 MAY 1955 
2328 HRS 
/ 
Figure 96. Radar-Sferics Composit e for 2328 CST , 5-27-55. 
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27 MAY 1955 
2357 HRS 
Figure 97. Radar-Sferics Composite for 2357 CST, 5-27-55. 
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Figure 98. Plot of Movement of Storm Centers on May 27) 1955 
squall line. (This problem would make a good subject for 
a doctoral thesis.) 
The more northerly and intense of these two thunder-
storms followed a path along US Highway 60, over Ponca 
City., then to Pawhuska and then to a point near Bartles-
ville. The second storm center passed just a few miles 
north of the Tornado Laboratory and likewise moved in an 
easterly direction. 
Conclusions 
The successful tracking of the storms of May 27, 
1955 indicated that the combined radar-sferic method is 
entirely feasible as a practical method for locating and 
tracking all thunderstorms within range of the radar. 
The data presented here represents the first attempt to 
determine by the radar-sferics method the paths of thunder-
storm centers in an advancing squall line. It is of 
importance that the paths determined at the time of the 
storm were quite similar to those determined by this 
later analysis of the data. These paths also agree with 
those determined by checking with the police departments 
of towns and cities in the general area of the storms. 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
It has been the purpose of this study to improve the 
instrumentation used in identifying and tracking tornadoes 
by the radar-sferic method and to evaluate $ not only the 
improved instruments, but also the usefulness of the 
method itself. In this thesis the emphasis has been placed 
on the sferic detector, or direction finder, and not on the 
radar which was already adequate for the purpose. 
The first step in carrying out the objectives was to 
make an analysis of the available direction finder, the 
) 
AN/GRD-lA. Past experience had found the AN/GRD-lA to be 
quite adequate for studying severe weather activity where 
long range was desirable, which is the case when hurri-
canes or other storms of large areal extent are being 
surveyed. For localized disturbances such as tornadoes ~ 
however, where the frequencies - of,_ ·the electrical dis,.:harges 
are high, the AN/GRD-lA was found to be of limited appli-
cation. The analysis of the AN/GRD-lA was made in order 
to evaluate its usefulness in tornado identification and 
tracking and to determine the desirable characteristics 
of a new instrument to be designed more specifically for 
tornado work. 
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After the limitations of the AN/GRD-lA direction 
finder as applied to tornado studies were determined, a 
new sferic direction finder was designed which operates 
in the frequency range between 100 kilocycles per second 
and 300 kilocycles per second. The AN/GRD-lA is restricted 
in frequency response to the vicinity of 10 kilocycles per 
second. After some modifications the High Frequency Direct-
ion Finder was found to be well suited to the detection of 
the high frequency sferics generally associated with tor-
nadoes and other localized severe weather activity. 
The first real test of the new High Frequency Direct-
ion Finder occurred on the night of May 25P 1955 when a 
series of tornadoes swept across Texas, Oklahoma and Kan-
sas. The separate tornadoes that struck Blackwell 9 Okla-
homa, and Udall, KAnsas, were particularly devastating. 
Although the meteorological conditions associated with 
these tornadoes were very complex, it was possible to 
identify them accurately and to plot their course by the 
radar-sferic method. 
Two days later a squall line passed over the same 
general area as the tornadoes of May 25 9 1955 and severe 
thunderstorm activity was noted. This squall line, with 
two widely separated storm cells» was almost ideal for 
evaluating the radar-sferic method. It was possible to 
identify the squall line on the radar and to obtain the 
direction of maximum sferic count from the High Frequency 
Direction Findero The intersection of the two lines was 
postulated as being the center of the storm cellso The 
path of these storm cells as plotted by the radar-sferic 
method was later verified by testimonies of eye witnesseso 
It may be concluded that the radar-sferic method, using 
the High Frequency Direction Finder, is a powerful tool for 
identifying and tracking tornadoes and other severe weather 
activity that falls within the range of the instrumentso 
It should be entirely possible to set· up a warning system 
based on this method which would lessen the terrible loss 
of lives which has always plagued the inhab.itants of the 
Great Plains regiono It is hereby recommended that steps 
be taken to set up such a warning networko 
It is recognized that there may, and probably will, 
be tornadoes which do not conform to the pattern of 
sferic and radar activity as treated in this studyo Such 
inconsistencies are to be expected in almost any branch 
of Geophysicse For this reason it is strongly urged 
that research on the identification and tracking· of tor-
nadoes be continuedo It is also suggested that research 
be initiated to study the physical forces which are present 
in the formation of a tornado and which determine the 
pattern that a tornado follows. 
It is believed that the time is near when it will 
be possible to identify positively a tornado in the 
formative stage and then to take steps that will prevent 
the formation of the tornado. The development of such 
a process would rank with the major scientific accomplish-
ments of recent years. It is further believed that the 
Tornado Research Program at Oklahoma A & M College, of which 
this present study is but a small part, is capable of 
developing a method which may result in the destruction of 
tornadoes in the formative stage. 
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